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Abstract 
This paper provides validation results of SWAT4, the revised version of SWAT3.1, by the analysis of PIE data of MOX fuel 
irradiated in a pressurized water reactor.  
SWAT4 is a system that combines the point burnup system ORIGEN2 and neutron transport calculation solvers, the continuous 
energy Monte Carlo code MVP or MCNP5, and the deterministic neutronics calculation code SRAC2006. 
The calculation results of SWAT4 have generally same trends with the case of UO2 fuel analyses. For major uranium and 
plutonium isotopes, deviations less than 5% were obtained. This means that SWAT4 has the same accuracy to predict isotopic 
compositions of irradiated MOX fuel with the case of UO2 fuel. The radial distribution of isotopes in a pellet was also analyzed, 
whose results were compared with that measured by SIMS. SWAT4 predicted well the isotope and burnup distributions in an 
irradiated MOX pellet. 
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1. Introduction 
The nuclear fuel cycle program of Japan would be delayed because of the impact of the Fukushima Daiichi 
Nuclear Power Plant (1FNPP) accident in 2011. Excessive plutonium, however, has to be utilized as mixed-oxide 
(MOX) fuel to reduce the quantity of plutonium possessed by Japan. The analysis of the spent MOX fuel is 
important to forward the use of MOX fuel. From another viewpoint, nuclide inventory analyses of MOX fuel are 
important for evaluations of the accident of 1FNPP because MOX fuel has been loaded in the Unit 3 reactor of 
1FNPP. For these reasons, calculation codes and libraries adopted in the fuel cycle analyses of MOX fuel should be 
benchmarked based on comparison between calculation results and experimental data.  
For UO2 fuel, we have several measured isotopic composition data. Examples are PIE by Japan Atomic Energy 
Research Institute (JAERI) [1, 2]. However, opened PIE data for MOX fuel are scarce. ARIANE (Actinides 
Research in a Nuclear Elements) [3] organized by Belgonucleaire is a PIE program and it contains measurements of 
nuclide compositions of spent MOX fuels from both pressurized water reactor (PWR) and boiling water reactor 
(BWR). Data from ARIANE were analyzed in previous report [4]. It pointed out that the error of recommended 
burnup estimation in their discussion. If the data from ARIANE program should be used for benchmarks of codes 
and libraries, the burnup values should be determined exactly. 
On the other hand, from the view point of development of burnup calculation codes and libraries, several burnup 
calculation code systems adopt the continuous energy Monte Carlo code [5, 6, 7]. Since it can treat arbitrary 
geometry of fuels with precise resonance calculation, such system has clear advantages especially for MOX fuel, of 
which spatial dependency of self-shielding effect in the fuel pellet is greater than the case of UO2.
The analysis of ARIANE data with the latest burnup code system using continuous energy Monte Carlo code will 
give us information of the accuracy of the state of the art code system and usefulness of the PIE data for further 
benchmark problems. Especially, samples from PWR have less uncertainty than the cases of BWR because of no 
void fraction estimation. In this study, an integrated burnup code system SWAT4 which drives MVP, a continuous 
energy Monte Carlo code developed at JAERI [8], is benchmarked based on comparison between calculation results 
and the PIE data of MOX fuel taken in ARIANE. 
Summary of SWAT4 is shown in Section 2. PIE data of ARIANE are shown in Section 3. Comparisons of the 
PIE data to the results obtained from burnup calculation are presented in Section 4. Section 5 is a conclusion. 
2. Summary of SWAT4 
SWAT4 is a system that combines the point burnup code ORIGEN2 and neutron transport calculation solver, the 
continuous energy Monte Carlo code MVP or MCNP5, and the deterministic neutronics calculation code 
SRAC2006. What added a function to use SRAC2006 as neutron transportation solver to SWAT3.1 is SWAT4. 
Calculation flow of SWAT4 is shown in Fig.1. For each burnup step, the neutron spectrum and effective multi 
group cross section are evaluated by neutron transportation solver, and then the Control Module reads a tally file 
generated by the neutron transportation solver. It makes the one-group cross section data file for the ORIGEN2. 
Using the library prepared by the Control Module, a one-step burnup calculation by ORIGEN2 is carried out. Then, 
the Control Module routine makes input files for neutron transportation solver and ORIGEN2, using the geometry 
data and burnup calculation results respectively. Up to the final burnup value, this procedure is repeated in every 
burnup step. 
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Fig.1 Calculation flow of SWAT4 Code system. 
3. PIE data for MOX fuel taken in ARIANE Program 
ARIANE is the international PIE program carried out in 1990’s. The data is available in the reference [3] and it is 
archived in web site of OECD/NEA [3]. 
The PIE samples of ARIANE for MOX fuel of PWR were irradiated in Beznau-1(PWR Switzerland) and the 
measurement of the assay data was conducted by PSI and SCK.CEN. The type of the fuel assembly is 14×14. Table 
1 shows the list of PIE samples from Beznau-1. Each sample has sample ID “BM” to show they were taken from 
MOX fuel irradiated in Beznau reactor. And, sequential numbers of samples are added. For sample BM5, we have 
two types of data set BM5-P measured by PSI and BM5-S measured by SCK.CEN. 
The report of ARIANE [3] includes the error of measurement of each sample. We found that the data of BM5-P 
and BM6 measured by PSI had large measurement error of approximately 7%, for amounts of 148Nd. On the other 
hand, BM1 and BM5-S measured by SCK.CEN showed less than 1% error of 148Nd. The latter are reasonable values 
if we consider 148Nd is used for the burnup measurement and results obtained in the previous PIE conducted in 
JAERI. Actually, we have other PIE samples, BM3 and BM4-D, in the list of PIE data from Beznau-1 in the 
reference [3]. However, their experimental errors were also larger than BM1 and BM5-S. Based on these facts, we 
decided to perform analyses of samples BM1, BM5-S because they have small measurement errors. 
The schematic figure of fuel assembly and the sampling position of the PIE samples are shown in Fig.2. BM1 
was taken from an assembly M109 and BM5-S and BM6 were taken from an assembly M308. These assemblies 
have three regions of different plutonium enrichments (MOX high Pu content: 6.01w/o (BM1), 5.5w/o (BM5-S, 
BM6), MOX intermediate Pu content:4.28w/o, MOX low Pu content:3.36w/o). The Pu Contents, 
(Pu+Am)/(U+Pu+Am) [weight %] of D3 (M109 assembly) and K7 rod (M308 assembly) are 6.01 % and 5.5 %. 
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In the ARIANE program, not only isotopic composition but also its radial distributions in fuel pellets were 
measured by secondary ion mass spectrometry (SIMS) method. The data were taken for BM1 and two other data 
sets, BM3 and BM4-D. In this study, we only selected BM1 samples for SIMS analysis considering the credibility 
of the data. 
Table 1. PIE samples from Beznau-1 Reactor [3] 
Sample Name   BM1 BM5-P BM5-S 
Assembly ID   M109 M308 
Fuel Rod ID D3 K7 
Pu contents of the Fuel Rod [wt%] 6.01a 5.5b
Calculated Sample Burnup [GWd/t] 44.2 54.7 
Measurement Laboratory SCK.CEN PSI SCK.CEN 
SIMS PSI - - 
235U/U [%]d 0.26 0.23 
238Pu/(Pu+Am) [%]c 1.1 0.6 
239Pu/(Pu+Am) [%]c 61.2 66.1 
240Pu/(Pu+Am) [%]c 23.7 23.2 
241Pu/(Pu+Am) [%]c 8.7 6.6 
242Pu/(Pu+Am) [%]c 4.2 2.6 
241Am/(Pu+Am) [%]c 1.1 0.9 
a: 100×(Pu+Am)/(U+Pu+Am) 
b: 100×Pu/(U+Pu) 
c: Data of fuel rod. Measured at May 1988 for D3 - M109, and May 1990 for K7-M308 
Fig.2 Fuel assembly of Beznau-1 PWR and sampling position of PIE samples. 
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4. Analyses of PIE data 
4.1. Results of analysis 
Analyses of the PIE data were performed by using SWAT4 code. With the merit of the continuous energy Monte 
Carlo code, SWAT4 can treat arbitrary geometry without any simplification. For the analysis of PIE samples from 
Beznau-1, the full assembly geometry was adopted. With an assumption that the axial power distribution is cosine 
shape, the increase in the temperature of the coolant region was evaluated by an integral of the axial power 
distribution from the bottom of the active region to the sample position. Histories of power and boric acid 
concentration in the reference [3] were considered in the input data of SWAT4. In this calculation, neutron history 
for MVP calculation was 10 million neutrons (50,000 neutrons for one batch, total batch number was 220 and initial 
20 batches were discarded), and JENDL-4.0 [9] was used for nuclear data library, fission yield and radioactive 
decay data. In addition, we analyzed the spent UO2 fuel of Takahama unit3 PWR under the same condition, for a 
comparison (SF95-4, SF97-5) [2]. 
Table 2 present C/E values (ratios of calculation to experiment) of samples BM1, BM5-S, SF95-4 and SF97-5. 
The PIE data are given as of not only zero-cooling time but also measured time after several years from the end of 
irradiation. To avoid error by decay correction, we compared calculation results with the data as of measured time. 
In general, amount of uranium and plutonium isotopes are well predicted by SWAT4, within 5% deviation, except 
for 244Pu. For 244Pu, deviations of calculation results from experimental data are large. However, if we consider its 
amount is extremely smaller than other plutonium isotopes and its experimental error is 50%, the results shown here 
are acceptable. 
For americium and curium isotopes, large discrepancies of calculations from experimental results than the case of 
uranium and plutonium isotopes are shown: over estimation of 241Am and underestimation of 244Cm of 
approximately 10-20%. These isotopes are quiet important for the fuel cycle application such as storage, 
reprocessing and disposal of radioactive waste because of their radioactivity. The deviations shown here are larger 
than the measurement errors of approximately 5%. However, these errors are not larger than the case of UO2 fuel 
sample analyses. 
For fission products, especially for neodymium isotopes, we have good agreement of approximately 1% except 
for 142Nd. The Nd-148 method is generally used to evaluate the burnup of nuclear fuel, and 148Nd is used as a burnup 
indicator [10]. Deviations of 148Nd are less than 0.5%. It means that the burnup value of the PIE is correct. 
For samarium isotopes, agreement less than 10% was obtained, which are the same level with the case of UO2
fuel. 
It is well known that several metallic fission products are difficult to be solved in HNO3 and some part of them 
remain in the residual substance. The results are worse than the case of other fission products, and generally 
overestimations are shown. This is because the experimental data is still underestimated even though the correction 
of experimental data was applied. 
The results shown here have generally same trends with the case of UO2 fuel analyses. We did not observe worse 
results than UO2 fuel analyses. This means SWAT4 has the same accuracy to predict irradiated MOX fuel 
composition with the case of UO2 fuel. 
Table 2 Analysis Results of BM1 sample and BM5-S sample (C/E) 
Isotope BM1 BM5-S SF95-4 SF97-5 
234U   0.986 (10.01)  1.088 (10.01) 1.190 1.015 
235U 0.999 (2.05) 0.988 (2.05) 1.031 0.991 
236U 0.945 (5.02) 0.970 (5.02) 0.989 0.994 
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238U 0.993 (0.45) 1.000 (0.45) 0.999 1.000 
237Np -     ( - )  0.953 (10.97) - 0.938 
238Pu 0.995 (3.05) 1.012 (3.05) 1.037 0.918 
239Pu 1.054 (0.56) 1.031 (0.57) 1.050 0.994 
240Pu 1.012 (0.56) 1.016 (0.57) 1.058 1.069 
241Pu 0.994 (0.56) 0.962 (0.57) 0.964 0.921 
242Pu 0.981 (0.56) 0.992 (0.57) 0.945 0.933 
244Pu   0.655 (50.00)  0.544 (50.00) - - 
241Am 1.049 (3.56) 1.155 (3.51) 1.488 0.961 
242mAm   0.868 (10.60)  0.925 (10.59) 0.832 0.715 
243Am 0.981 (3.56) 1.030 (3.51) 0.946 0.860 
242Cm 1.162 (3.50)  0.781* (3.46) 0.579 1.224 
243Cm 0.955 (6.46)    1.093* (10.60) 0.890 0.864 
244Cm 0.956 (1.80)  0.894* (3.13) 0.905 0.818 
245Cm 0.987 (5.39)  0.956* (5.13) 0.960 0.824 
246Cm   0.850 (20.10)    0.836* (10.50) 0.853 0.733 
144Ce 0.926 (9.02)  0.912* (5.94) 1.044 1.077 
142Nd   1.300 (10.01)  1.341 (10.01) 0.877 0.974 
143Nd 1.025 (0.56) 1.014 (0.56) 0.987 0.995 
144Nd 0.987 (0.56) 0.985 (0.56) 0.954 0.957 
145Nd 1.002 (0.56) 0.999 (0.56) 0.996 1.008 
146Nd 1.002 (0.56) 0.997 (0.56) 1.006 1.007 
148Nd 1.001 (0.56) 0.999 (0.56) 0.987 0.999 
150Nd 1.002 (0.58) 1.002 (0.58) 0.984 1.007 
147Pm 1.029 (8.41)  0.993 (16.01) - - 
147Sm 0.971 (0.64) 1.050 (0.64) - 1.036 
148Sm 1.033 (0.64) 1.044 (0.64) -   1.021* 
149Sm 0.970 (2.09) 0.993 (2.09) -   0.908* 
150Sm 0.968 (0.64) 1.014 (0.64) -   0.961* 
151Sm 0.908 (0.79) 0.933 (0.79) -   0.850* 
152Sm 0.925 (0.64) 1.008 (0.64) -   1.000* 
154Sm 0.925 (0.66) 1.019 (0.66) -   0.964* 
151Eu 0.838 (2.10)  0.678* (2.10) - - 
153Eu 0.987 (0.67)  0.986* (0.67) - - 
154Eu 1.047 (3.01)  1.046* (3.01) 1.047 0.993 
155Eu 0.902 (4.55)  0.938* (8.81) - - 
155Gd 1.055 (5.00) 1.135 (2.09) - - 
90Sr   0.804 (15.00)   1.110+ (16.01) - - 
95Mo     1.292* (13.34) 1.028+ (9.70) - - 
99Tc     1.686* (27.23)  1.190 (19.47) - - 
101Ru     3.205* (18.45) 1.589+ (16.13) - - 
106Ru   0.376* (3.31)  1.148 (15.24) 1.297 1.810 
103Rh 3.033 (7.77) 1.655+ (9.93) - - 
109Ag     3.008* (16.64)   1.661+ (18.58) - - 
125Sb 1.737 (5.99) 1.792 (6.93) 2.705 1.363 
129I -     ( - )  1.354 (11.24) - - 
133Cs 1.032 (1.99)  1.050* (3.06) - - 
134Cs 1.079 (2.04)  1.005* (3.09) 1.022 0.993 
135Cs 0.991 (1.99)  0.969* (3.06) - - 
137Cs 0.989 (1.96)  1.000* (3.04) 0.965 0.976 
Time to measurement from irradiation : BM1 (4years, *7years), BM5-S (3.5years, *3years, +4years), SF95-4 (0year), SF97-5 (0year, 
*3.96years) 
( ) is uncertainty of ARIANE (%, 95 % confidence level) 
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4.2. Comparison with SIMS measurement 
The advantage of ARIANE program is availability of SIMS measurement of irradiated MOX fuel to obtain the 
isotope distributions in the pellet region. Because plutonium isotopes have large neutron resonance capture reactions, 
prediction of their distributions in the pellet region is interested for development of spatial-dependent resonance 
calculation. Taking the advantage adopting the continuous energy Monte Carlo code, we analyzed the SIMS data of 
BM1 by SWAT4. 
Considering the calculation time, we used single pin-cell model, which reproduces same thermal neutron flux 
ratios with assembly calculation. The pellet region was divided into 18-regions having same volume. The cell 
averaged parameters such as power history and boric acid concentration are used. In the data report [3], it is 
uncertain whether data were given as values of when after irradiation. However, it was confirmed that the SIMS data 
of BM1 sample is normalized values after approximately 4 years or 7 years from the irradiation (Belgonucleaire, 
2005. Private Communication.). 
Figs.3 to 6 are comparison of radial plutonium isotope distribution in the pellet of BM1 sample. In the SIMS 
measurement, several different radial directions were selected. However, general trends of measurement results are 
the same with each other. Because of experimental problems such as existing clacks in the pellet, measurements in 
three directions show slightly different lines. And because data of most outer region was omitted, experimental data 
were given for a smaller diameter than real pellet size. Fig. 7 is an atomic ratio of the sum of plutonium isotopes to 
the sum of uranium and plutonium isotopes. The isotopic fraction data of this SIMS measurement have the random 
error of an approximately 7%. This value does not include variations due to sample conditions such as cracks in the 
samples. Considering the experimental errors, all figures from Fig. 3 to7, indicate SWAT4 well predicts the 
distribution of the amount of the main heavy isotopes within the MOX fuel pellet. 
.
.
Fig.3 Comparison between 239Pu distribution measurement by 
SIMS (BM1) and SWAT4 calculation. Error bars correspond 
to 7% deviations from measurement value
Fig.4 Comparison between 240Pu distribution measurement by 
SIMS (BM1) and SWAT4 calculation. Error bars correspond 
to 7% deviations from measurement value
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.
5. Conclusion 
In this study, the verification of a new revision of code system, SWAT4, was carried out by the analysis of PWR 
MOX fuel taken in ARIANE. The results and tendency of calculation of SWAT4 are the same level with the case of 
Fig.5 Comparison between 241Pu distribution measurement by 
SIMS (BM1) and SWAT4 calculation. Error bars correspond 
to 7% deviations from measurement value
Fig.6 Comparison between 242Pu distribution measurement by 
SIMS (BM1) and SWAT4 calculation. Error bars correspond 
to 7% deviations from measurement value
Fig.7 Comparison between Pu/(U+Pu) distribution measurement 
by SIMS (BM1) and SWAT4 calculation. Error bars correspond 
to 7% deviations from measurement value.
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UO2 fuel for many uranium and plutonium isotopes, which are less than 5%. The results shown here conclude that 
the accuracy of SWAT4 for MOX fuel burnup calculation is the same level with the case of the UO2 fuel. And 
several problems shown in UO2 fuel analyses also exist in the MOX fuel analyses: underestimations of 244Cm and 
larger deviation of 241Am. However, it gives us important information that there must be common reason in these 
over or underestimations. This study also showed the analyses of the distribution of isotopes in a MOX pellet region 
by SWAT4. It well predicted the isotope distribution in the irradiated MOX pellet. 
We concluded that SWAT4 is applicable to the burnup calculation of MOX fuel as well as UO2 fuel. 
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